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Edited by Hans EklundAbstract Glucosamine-6-phosphateN-acetyltransferase (GNA1)
catalyses theN-acetylation of D-glucosamine-6-phosphate (GlcN-
6P), using acetyl-CoA as an acetyl donor. The product GlcNAc-
6P is an intermediate in the biosynthesis UDP-GlcNAc. GNA1
is part of the GCN5-related acetyl transferase family (GNATs),
which employ a wide range of acceptor substrates. GNA1 has been
genetically validated as an antifungal drug target. Detailed knowl-
edge of the Michaelis complex and trajectory towards the transi-
tion state would facilitate rational design of inhibitors of GNA1
and other GNAT enzymes. Using the pseudo-substrate glucose-
6-phosphate (Glc-6P) as a probe with GNA1 crystals, we have
trapped the ﬁrst GNAT (pseudo-)Michaelis complex, providing
direct evidence for the nucleophilic attack of the substrate amine,
and giving insight into the protonation of the thiolate leaving
group.
 2007 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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Uridine diphospho-N-acetylglucosamine (UDP-GlcNAc) is a
key metabolite required for diverse processes such as chitin bio-
synthesis in fungi [1], the synthesis of glycosylphosphatidylinos-
itol (GPI) anchors of cell wall proteins [2] and the synthesis of
N-linked and O-linked glycans. The UDP-GlcNAc biosyn-
thetic pathway is formed by four enzymes. The ﬁrst enzyme,
glutamine:fructose-6-phosphate amidotransferase (GFA1), is
bifunctional, converting fructose-6-phosphate and glutamine
to glucosamine-6-phosphate (GlcN-6P) [3]. The second enzyme
in the pathway is D-glucosamine-6-phosphate N-acetyltransfer-
ase (GNA1), which converts acetyl-CoA (AcCoA) andGlcN-6P
to CoA and N-acetylglucosamine-6-phosphate (GlcNAc-6P)
[3]. The third enzyme, GlcNAc phosphomutase, converts Glc-
NAc-6P to GlcNAc-1P, employing glucose-1,6-bisphosphate
as a co-factor [4]. The ﬁnal enzyme, UDP-N-acetylglucosamine
pyrophosphorylase, converts UTP and GlcNAc-1P to UDP-
GlcNAc and pyrophosphate [3,5].
GNA1 belongs to the superfamily of Gcn5-related N-acetyl-
transferases (GNAT), widely distributed in nature, which use*Corresponding author. Fax: +44 (0) 1382 385764.
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of key members of this superfamily include: aminoglycoside,
serotonin and glucosamine-6-phosphate N-acetyltransferases,
histone acetyltransferase, mycothiol synthase, protein a-N-
myristoyltransferase and the FEM family of acyltransferases
[6]. More than 24 crystal structures of members of this super-
family have been solved, and, despite poor sequence conserva-
tion, they all have in common a structurally conserved a/b-fold
[6]. For the majority of enzymes of the GNAT family, includ-
ing GNA1, a mechanism involving direct nucleophilic attack
of the substrate amine onto AcCoA has been proposed,
although uncertainties exist concerning the role of conserved
active site cysteines, residues involved in transition state stabil-
ization and the nature of key protonation events along the
reaction coordinate [6,7]. For this type of direct attack mech-
anism, trapping the pre-transition state Michaelis complex is
inherently diﬃcult as this cannot be achieved through muta-
genesis of the protein, and indeed no such complex has yet
been reported for any GNAT member. Here, we report the
use of a substrate analogue to approach the structure of the
Aspergillus fumigatus GNA1 Michaelis complex, which, to-
gether with mutagenesis and kinetic analyses, gives insight into
the nature of the reaction intermediate and its subsequent pro-
tonation.2. Materials and methods
Expression and puriﬁcation of AfGNA1 were performed as reported
elsewhere [8]. Steady-state kinetics of wild-type (WT) and Tyr174Phe
mutant were determined using a previous described protocol [9,10]
with some modiﬁcations. AcCoA and GlcN-6P, and CoA were sup-
plied by Sigma. All measurements were performed in triplicate. Stan-
dard reactions consisted of 5 nM AfGNA1 (1000 nM for the
AfGNA1 Tyr174Phe mutant) in 25 mM Tris–HCl, 250 mM NaCl,
2 mM EDTA, 5% (v/v) glycerol, pH 7.5 in a total volume of 50 ll,
incubated at RT. The reactions were initiated by adding the protein
and stopped with 50 ll of a solution containing 25 mM bis-Tris-pro-
pane, 250 mM NaCl, 2 mM EDTA and 6.4 M guanidine chloride,
pH 7.5. Fifty microliters of dithio-bis(2-nitrobenzoic acid) (DTNB)
solution (1 mM DTNB in 0.1% DMSO) containing 25 mM Tris–
HCl, 250 mM NaCl and 2 mM EDTA, pH 7.5 was added and the
absorbance at 412 nm determined. Absorbance was quantiﬁed using
a Spectra max 340 PC (molecular devices). The absorbance data were
analyzed with non-linear regression analysis using GRAFIT 5 [11],
with the default equations for ﬁrst order reaction rates and Michae-
lis–Menten steady-state kinetics. Inhibition of Glc-6P was measured
under steady-state conditions using concentrations in the 0–10 mM
range while varying the GlcN-6P concentration (500–50 lM) at a ﬁxed
AcCoA concentration (500 lM). The Tyr174Phe mutant was gener-
ated using the Stratagene QuickChange kit, following the manufac-
turer’s instructions.blished by Elsevier B.V. All rights reserved.
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tals by mixing 0.6 ll of the protein solution at 17 mg/ml containing
10 mM AcCoA with an equal volume of mother liquor (10–25%
PEG 1500; 2.5–15% PEG 1000 and 7.5–22.5% PEG 8000). Bar-shaped
crystals (space group C2221) grew within 3 days. AfGNA1-AcCoA
crystals were soaked in mother liquor containing 30 mM Glc-6P, cryo-
protected using mother liquor containing 35% PEG 1000 and 10%
PEG 8000, and frozen in a nitrogen gas stream cooled to 100 K. Syn-
chrotron data were collected to 1.45 A˚ (Table 1). Reﬁnement was
started from the native AfGNA1 structure [8] using REFMAC [12]
interspersed with model building with COOT [13], resulting in a ﬁnal
model with R = 0.168 (Rfree = 0.219). Models for ligands were not in-
cluded until their conformations were well deﬁned by the unbiased
jFoj  jFcj, /calc electron density maps (Fig. 1A). Ligand topologies
and coordinates were generated with PRODRG [14]. WHAT IF [15]
was used to check hydrogen bonds and PyMol [16] was used to gener-
ate pictures.Table 1
Details of data collection and structure reﬁnement
AfGNA1 + AcCoA + Glc-6P
Space group C2221
Unit cell (A˚) a = 70.68, b = 100.54, c = 55.00
Resolution range (A˚) 20.00–1.45 (1.50–1.45)
# Observed reﬂections 104265 (9155)
# Unique reﬂections 33822 (3072)
Redundancy 3.1 (3.0)
I/rI 12.2 (2.3)
Completeness (%) 94.2 (86.4)
Rmerge 0.068 (0.463)
R, Rfree 0.168, 0.219
RMSD from ideal geometry
Bonds (A˚) 0.012
Angles () 1.71
B-factor RMSD (A˚2) (backbone bonds)
ÆBæ (A˚2) 1.23
Protein 17.8
AcCoA 16.3
Glc-6 24.2
Water 30.2
Values between brackets are for the highest resolution shell. All
measured data were included in structure reﬁnement.
A B
Fig. 1. Structure of the AfGNA1-AcCoA/GlcN-6P ternary complex. (A) De
Residues lining the active site (grey carbon atoms) and the AcCoA/b-glucos
hydrogen bonds are shown as dotted green lines. Unbiased (i.e. before inclu
shown at 2.5r. (B) Superposition of crystal structures of AfGNA1 in compl
GlcNAc-6P (PDBID 2O28). The substrates AcCoA and Glc-6P are coloured
with orange carbons. Protein-ligand hydrogen bonds are shown as dotted g
product complex. Residues in the active site are labelled for the substrate co3. Results and discussion
In an attempt to trap the GNA1 Michaelis complex, Glc-6P
(carrying a weaker 2-hydroxyl nucleophile instead of the
GlcN-6P 2-amino group) was evaluated as an inhibitor against
A. fumigatus GNA1. Glc-6P displayed weak competitive inhi-
bition (Ki = 2.6 ± 0.5 mM) against the GlcN-6P substrate
(Km = 71 ± 6 lM). Protein crystals of A. fumigatus GNA1 (Af-
GNA1) grown in the presence of AcCoA were soaked with
Glc-6P, diﬀraction data to 1.45 A˚ were collected and the struc-
ture of the ternary complex reﬁned (Table 1). Both AcCoA and
b-Glc-6P were well deﬁned by unbiased jFoj  jFcj, /calc elec-
tron density maps (Fig. 1A). The thioester carbonyl oxygen
is tethered by hydrogen bonds to the main chain nitrogens of
Asp130 and Ile131, whereas the Tyr174 hydroxyl is within
hydrogen bonding distance of the thioester sulfur. The O2
hydroxyl is coordinated by the Asp165 main chain carbonyl.
While there are no interactions with the anomeric hydroxyl
(either in a or b conﬁguration), the remaining glucose hydrox-
yls and phosphate oxygens are tethered by an extensive hydro-
gen bonding network, also seen in the product complexes
published previously (Fig. 1B, [7]), positioning the Glc-6P 2-
hydroxyl to within 3.5 A˚ of the AcCoA carbonyl carbon
(Fig. 1A). Strikingly, the angle between the 2-hydroxyl and
the AcCoA carbonyl group is 107, the ideal Bu¨rgi–Dunitz an-
gle for nucleophilic attack on a carbonyl [17]. Thus, the geom-
etry of this pseudo-Michaelis complex provides direct evidence
for a GNA1 reaction mechanism involving nucleophilic attack
by the substrate amine.
Comparison of the AfGNA1 pseudo-Michaelis complex to a
previously determined complex of human GNA1 with the
products CoA and GlcNAc-6P, gives further insight into the
atomic trajectories along the reaction coordinate (Fig. 1B).
The carbonyl oxygen and acetyl methyl occupy the same posi-
tions before and after catalysis, in agreement with a rotation of
the sugar towards the acetyl group (with the C2 carbon shift-
ing by 1.1 A˚) and a rotation of the acetyl group towards the
sugar (carbonyl carbon shifting by 1.0 A˚). The position of
the CoA sulfur is essentially unchanged, in both complexestail of the active site of AfGNA1 in complex with AcCoA and Glc-6P.
e-6P ligands (green carbon atoms) are shown as sticks. Protein-ligand
sion of any ligand model) jFoj  jFcj, /calc electron density maps are
ex with AcCoA and Glc-6P onto HsGNA1 in complex with CoA and
with green carbon atoms, the products CoA and GlcNAc-6P are shown
reen lines for the substrate complex, and dotted orange lines for the
mplex (green) and the product complex (orange).
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Fig. 2. Reaction mechanism. Details of the reaction mechanism deduced from the pseudo-Michaelis complex, the product complex and mutagenesis
data.
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although less ordered in the product complex. For some mem-
bers of the GNAT family, including yeast GNA1, a similarly
positioned tyrosine has been proposed as a proton donor for
the thiolate leaving group, based on mutagenesis data [18,6].
Interestingly, the AfGNA1 Tyr174Phe mutant shows some
remaining activity (kcat = 0.076 ± 0.0015 s
1 compared to
38 ± 3 s1 for wild-type AfGNA1), and the crystal structure
of the mutant AcCoA/Glc-6P complex is indistinguishable
from the wild-type complex (data not shown). It is possible
that (de)protonation of Tyr174 is not required for catalysis,
reducing the role of Tyr174 to stabilisation of the thiolate leav-
ing group, or that in the Tyr174Phe mutant another proton
donor takes over the role of Tyr174. Interestingly, inspection
of the superposition of the pseudo-Michaelis and product com-
plexes (Fig. 1B) reveals that the backbone oxygen of Asp165 is
in a position to interact with one of the hydrogens on the sub-
strate amine, but is also seen to interact with the thiol of the
CoA product (Fig. 1B). Strikingly, the Asp165 carbonyl al-
most perfectly bisects the distance between the acetyl carbonyl
carbon positions before and after catalysis and the distance be-
tween the thioester sulfur in the substrate and the amide nitro-
gen in the product. This is an ideal position to facilitate
transfer of the surplus proton present on the amine after
nucleophilic attack, onto the developing thiolate leaving group
(Fig. 2B).
In summary the AfGNA1-AcCoA/Glc-6P pseudo-Michaelis
complex gives novel insights into structural events along the
reaction coordinate (Fig. 2B). The complex shows optimal
alignment under the ideal Bu¨rgi–Dunitz angle for direct nucle-
ophilic attack of the sugar amine, and suggests protonation of
the tetrahedral intermediate may proceed through intramolec-
ular proton transfer facilitated by a favourably positioned
backbone carbonyl. The hydrogen bond established between
the hydroxyl group of Tyr174 and the thioester sulfur will in-
crease the electrophilic character of the carbonyl group,
favouring the direct nucleophilic attack by the GlcN-6P amine,
explaining the 500-fold decrease in the turnover when Tyr174
is mutated to Phe. These insights are applicable to subclasses
of other GNAT enzymes and will aid the discovery/design of
novel inhibitors.Acknowledgements: We thank the European Synchrotron Radiation
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